ABSTRACT Slope failure and debris flow cause lots of casualties and property loss. An early-warning system for slope collapse and debris flow is essential to ensure safety of human beings and assets. Based on fiber optic sensing technology and Internet of Things, a new sensing transducer for internal earth pressure measurement in a soil slope is proposed, fabricated, and tested in this paper. The working principles, theoretical analysis, laboratory calibrations, and discussions of the proposed pressure transducers are elaborated. Extensive evaluations of the resolutions, physical properties, and response to the applied pressures have been performed through modeling and experimentations. The results show that the sensitivity of the designed pressure sensor is 0.1287 kPa/µε across a pressure range of 140 kPa. Finally, a field soil slope was instrumented with the developed fiber optic sensors and other sensors. Through internet and cloud computing platform, the stability of the soil slope was analyzed. In the cloud computing platform, the numerical simulation is carried out by considering the slope internal deformations, rainfall infiltration, and limit force equilibrium. The factor of safety of the soil slope was calculated, which could be used to determine health condition of the instrumented slope. The performance was evaluated and classified into three categories. It proves that the proposed early-warning system has potential to monitor the health condition of the soil slopes.
I. INTRODUCTION
In recent decades, there has been rapid modernization, industrialization and infrastructural development across the world. The stability of soil slopes is a big concern in crowded city for civil engineers. Slope collapse and rainfall infiltration will result in debris flow which will cause large casualties and property losses. Thus, there is a desire need of early-warning systems for large-scale soil slopes in crowded cities.
Many early warning systems have been developed in the literature, such as Zan et al. [1] presented an early warning system with laser displacement. Dong et al. [2] reported a pre-alarm system with coupled model of Gray and Generalized Regression Neural Network for a tailings dam in mines. In the early-warning system, the sensing transducer is the most important part, as it will obtain raw data in the instrumented object. For a soil slope, the material different from waters or liquid, concrete, and steel materials, it contents various gravel particles with various dimensions and shapes. Thus, the measurement of earth pressure in gravel material is difficult than that in the water. Normally, the earth pressure induced by the gravel particles can be divided into two parts: normal pressure and shear pressure. The shear pressure can be calculated though poison's ratio, thus the normal pressure is a concern for civil engineers. In the paper, the term of earth pressure means the average normal pressure over a range of gravel particles.
Conventional pressure sensors, such as radar beam, magnetic floating, air purging type sensors and system based on strain gauges, vibration wires and other electric signals have been widely utilized to measure the earth pressures or water pressures [3] , [4] . However, the pressure sensors based on electric signals have limitations of corrosion and electromagnetic interference problems. In recent years, the development of micro-electro-mechanical systems (MEMS) has gained extensive attentions. Many pressure sensors based on MEMS have been developed, such as a rigid-electrode with deformable membrane [5] and a mechanical force displacement transduction structure of MEMS pressure sensors were developed [6] . Shahiri-Tabarestani et al [7] . proposed a slotted diaphragm for a capacitive pressure sensor. A double deformable diaphragm was also used for the MEMS pressure sensors [8] . Even though the MEMS pressure sensor has tiny size and good accuracy, it has difficult to be applied for earth pressure measurement due to the earth material contents of many gravel particles. The pressure sensor should have the capacity of measuring a wide range of gravel particles.
With the development of fiber optic sensing (FOS) technology, many researches have been conducted to demonstrate the application of FOS in pressure measurement. As compared with the conventional electrical sensing technology, the fiber optic sensing technology has many intrinsic advantages, such as corrosion resistance, resistance to electromagnetic interference (EMI), high resolution and precision, small size, large bandwidth and multiplexing ability [9] - [11] . Some researchers have proposed Fiber Bragg Grating (FBG) based pressure sensors for monitoring liquid level [12] - [14] . Yang et al. [15] demonstrated the successful application of a multiplexed array of fiber optic liquid-level point sensors in a cryogenic environment. Researches have demonstrated the simultaneous measurement of pressure (up to 30 MPa) and temperature (up to 430 • C) by fiber optic Extrinsic Fabry-Perot interferometer (FP) sensor [16] , [17] . It is also noted that the fiber sensors can be used to monitor the pressure up to 70 MPa under isothermal conditions [18] .
In this study, an early warning system can be established for a soil slope with fiber optic sensing technologies, the sensor data interpretation [19] - [21] , the internet of things (IoT) [22] , cloud computing [23] and wireless sensor networks [24] - [26] . Firstly, an early-alarm system for real-time motoring of soil slopes is presented with four layers, such as a sensing layer, an IoT layer, a cloud computing layer and an application layer. In the sensing layer, a new type of fiber-optic based pressure sensor (FPS) for pressure measurement of earth materials is proposed, fabricated and analyzed. The working principles, fabricated details and calibration tests are elaborated. A series of experimental tests have been performed to examine the relationship between applied pressures and strains induced in FBG sensors. Finally, the early-warning system was applied in a field soil slope. With the numerical simulation and slope stability analysis, the health condition of the instrumented slope was evaluated. The health condition was classified into three categories and used for the application layer.
II. THE HIERARCHICAL STRUCTURE OF EARLY-ALARM SYSTEM
An early-alarm system for real-time monitoring of soil stability is essential to reduce or avoid casualties and property losses for debris flow. The alarm system based on real-time monitoring data from fiber-optic sensors and numerical analysis using cloud computing for soil slopes. The hierarchical structure of the early-alarm system is shown in Fig. 1 . As indicated in the figure, the system consists of four layers, which are a sensing layer, an IOT layer, the cloud computing layer and the application layer.
A. THE SENSING LAYER OF INSTRUMENTATIONS
The sensing layer is a most fundament layer in the whole early-warm system, as the further analysis and numerical simulation are based on the measured data. The sensing layer consists of various fiber optic sensors which can be connected in series with a single fiber. Fig. 2 shows the working principle of the single-mode FBG sensors, in which a broadband light source transmitted through the FBG sensor, and a narrow band of light is reflected. The reflected wavelength λ B has a relation to the core index of refraction and the grating period of the index modulation, which is expressed as follows:
where n eff is the core index of refraction and is the grating period of index modulation. The reflected wavelength λ B varied with the local strains and temperatures. The changed wavelength λ B induced by strain and temperature is given by [10] :
where λ B is the initial Bragg's wavelength; λ B is a shift in the Bragg's wavelength; p e is the photo elastic coefficient; α e and ξ e are the coefficients of temperature effect; T is the change of temperature; c 1 and c 2 are the coefficients related to strain and temperature variations, respectively; c 1 = 0.78 × 10 −6 /µε and c 2 = 6.67 × 10 −6 / • C. In this study, the FBG sensor has wavelength ranges from 1510 nm to 1590 nm. The Bragg length of each FBG sensor is 6 mm. The FBG sensor was fabricated by adopting the phase mask method based on a single mode optical fiber and following the guidelines as articulated by Xu [27] . Briefly, the whole fabrication procedures for the FBG sensor can be divided into three stages: (a) preparation of the photosensitive optical fiber, (b) creating a Bragg grating using the phase mask method, and (c) thermal annealing [27] . The FBG sensing interrogator is SM125 from Micron Optics which has a wavelength resolution of 1 pm. By substituting to the Eq. 2, the strain measurement resolution of the FBG sensor is around 1µε. 
B. THE IoT LAYER
The IoT layer includes data acquisition system, fiber optic sensing interrogator, distributed sensors, wireless network, and remote control. All fiber optic transducers will be connected with the fiber optic sensing interrogator through an armed optical fiber. The wavelength information will be obtained in real-time to monitor the surrounding deformations, internal soil stresses, temperatures and rainfall data. These data will be recorded by the data acquisition system. All the data will be uploaded to the cloud computing platform through wireless network or wireless network. The instructions for sensing layer can be also downed from the cloud computing platform. The wireless network and wireless network can improve the data transmission through sensing layer and cloud computing layer, which is essential for the real-time monitoring and early-warm of debris flows.
C. THE CLOUD COMPUTING LAYER
The cloud computing layer includes data classifications, sensor data evaluation, numerical modeling, slope stability analysis, and risk evaluations. First of all, the data transmitted from the IoT layer will be classified and examined. The error data will be determined and excluded. Secondly, the transducer data will be classified in different categories, such as deformation, stress, temperature, seepage and factor of safety (FOS). Finally, the data will be combined in a numerical model to analyze the safety levels. A safety indicator will be yield from the cloud computing layer. Fig. 3 shows the real-time early-alarm system for debris flow. The application layer is the top layer of the whole earlywarning system. The application layer is direct to the ender users and based on the IoT, cloud computing and numerical analysis. The application layer aims to send the stability information of slopes to ender users through various methods, such as sound-light alarm system, SMS, emails, and emergency rescue plan. The safety degree of the instrumented soil slope will be divided into three levels, which are safety level; very early warning level; and serious warning level. The early-warning system of the soil slope which includes a sensing layer, numerical analysis in could computing, and the application layer of with 3 alarm levels (i.e. safety level, caution level, and serious hazard level).
D. THE APPLICATION LAYER

III. A NEW FPS FOR THE SENSING LAYER
A new type of fiber-optic based pressure sensor (FPS) for pressure measurement of earth materials are proposed, fabricated and analyzed for the sensing layer. The working principles, fabricated details and calibration tests are elaborated.
A dual diaphragm type fiber-optic based pressure sensor is developed and designed. A series of experimental tests have been performed to examine the relationship between applied pressures and strains induced in FBG sensors. The results along with some findings are presented and discussed. 
A. PRINCIPLE
A FPS with dual diaphragm is proposed and shown in Fig. 4 . By assuming a small strain case and a perfectly elastic material of the diaphragm, when applying an evenly distributed pressure p, the radial strain ε r and tangential strain ε t of the diaphragm on the surface can be given as:
where p is the pressure applied on the FPS; E and µ are the Young's modulus and Poisson's ratio; t and R are the thickness and radius of the diaphragm; r is the distance between the measuring point and the center in the horizontal direction. If r = 0, then the strains induced in the FBG1 sensor (see in Fig.2b ) can be obtained using the following relationship:
where
3(1−µ 2 )R 2 , C 1 represents for the coefficient between the pressure variations and strains measured by the FBG1. It should be noted that the strain measured by FBG1 is in the axial direction only (length wise). Thus, the relationship between the wavelength shift and the pressure applied on the FPS can be obtained:
where c 1 and c 2 are the coefficients from Eq. 4. A separately FBG temperature sensors was installed in the FPS (i.e. FBG2 in this study). The temperature sensor will not endure any external pressures, thus it will be only changed with temperature variations. Therefore the temperature effect can be compensated from Eq. 5. It can be observed that the shift of Bragg wavelength has a close linear relationship with the applied pressure by excluding the temperature effect.
B. DESIGN AND CALIBRATIONS
A prototype of the dual diaphragm FPS was proposed and fabricated in the Civil Engineering laboratory of the Huazhong University of Science and Technology. The FPS consists of a stainless steel outer cylinder shell with 100 mm diameter and 30 mm height. The major components of the FPS include a top cap diaphragm, a lower diaphragm, an oil pressure chamber, a bottom chamber, two FBG sensors and external cables. The thicknesses of both the diaphragms are 0.6 mm. As shown in Fig. 4(a) , the whole pressure sensor was firmly assembled with screws to make sure that the two chambers would not be connected and the diaphragms were perfectly clamped on the circumference. FBG1 sensor was glued at the center and on the underside of the lower stainless steel diaphragm, while FGB2 sensor was loosed at the bottom chamber to compensate the temperature effect as the FBG2 only experience temperature variations (Fig. 4(b) ). The oil pressure chamber was carefully filled with vacuum grease to ensure no trapped bubbles. Thus, the external force applied to the top cap could be fully transferred and evenly distributed to the lower diaphragm even under the condition of high pressure and temperature. When a pressure was applied on the top cap, the diaphragms were deformed and strained in conjunction with the applied load, the FBG1 sensor was also strained together with the lower diaphragm. By comparing the wavelength shifts of the FBG sensors, a relationship between the diaphragm strain lever and the applied pressure was established.
Prior to the calibration tests, vacuum grease was filled in the dual diaphragm chamber to ensure that no leakage took place during all the tests. The calibration tests were conducted by applying step pressures on the surface of the FPS. Wavelengths of the FBG sensors were recorded during each applied load. Fig. 5(a) shows the spectrum of the FBG sensors. The peak wavelengths were recorded and used to calculate strains by using Eq. 2. Fig. 5(b) and (c) show the wavelengths and strains of the FBG sensors varied with the applied pressures, respectively. Both loading and unloading were tested during the calibration tests. As mentioned before, temperature compensation was conducted by using a separate FBG temperature sensor (i.e. FBG2). Thus, the temperature effect can be eliminated from measured strains by using Eq. 2.
C. DISCUSSIONS
In order to determine the dimension and material of the FPS, a parametric study was carried out and the results are presented in Fig. 6 . The results indicate that the resolution of the FPS decreases with the thickness and Young's modulus of the diaphragm, while the resolution increases with the radius of the diaphragm. The results indicate a smaller Young's modulus also yields a finer resolution. The minimum resolution ranges between 1 mm to 2 mm for the diaphragm with a Young's modulus of 200 GPa.
The dual diaphragm type FPS is demonstrated to have the capability of monitoring the applied pressure within a fair degree of accuracy. As indicated in Fig.5 , the average sensitivity of the FPS with dual diaphragm is 0.124 kPa/µε. The sensitivity from theoretical analysis is 0.1287 kPa/µε according to Eq. 4. By considering the fabrication errors, the calibration results match well with the theoretical value.
The linear relationship between the measured strains of FBG sensors and applied pressures (refer to Eq.4) is based on the assumption that the FBG1 measures a point strain at the central of the diaphragm. However, if the Bragg length of the FBG sensor ranges from 3 mm to 10 mm, the measured strain with the FBG sensor is an average value over the Bragg length. The length of the FBG sensors induced measurement errors are listed in Table. 1. As shown in Table 1 , if the Bragg length l is k times the diameter of the diaphragm D, the measurement errors ε = (ε FBG −ε mean−FBG )/ε mean−FBG will yield k 2 /(1−k 2 ). In this study, the l/D = 0.12, the strain measurement error is 1.5%. 
IV. A CASE STUDY AND DISCUSSION
A fiber optic sensor network was instrumented in a field soil slope. The field geology conditions, sensor deployment, monitoring points and data analysis are presented in this section. Fig. 7 shows the diagram and geology conditions of the instrumented slope. The slope was located in Sichuan, China which is the source of landslides occurred after the ''Wenchuan earthquake'' (12 May 2008) and a heavy rainfall (173.8mm/day). In order to provide safety insurances of the slope stability, an early-warning system with optical fiber sensors were established to monitor the deformation of slope body in different depths.
A newly developed fiber optic based pressure sensors and displacement sensors were installed in bore holes of the slope (Fig. 7) . The fiber optic sensors in the sensing layer were connected through one fiber optic cable. Then, all the transducers in the sensing layer were connected with the data acquisition system. The internal deformation of the soil slope is resulted from the earth pressure. Thus, the deformation is a direct indicator for slope stability. Fig. 8 shows the slope movement at different depths during a half year. The depth is the vertical distance between fiber optic sensors and the surface of the slope. Measured rainfall data was also presented in the figure. It can be found that the daily rainfall has a strong effect on the slope movement. The slope moved quickly at the heavy rainfall in the period from July 26 to August 22, 2010. The soil movement at slope surface moved is fast than that in the deeper depth.
In the cloud computing platform, a numerical analysis model was used to analyze the slope stability. Rainfall infiltration is an essential factor which should be incorporated in the numerical analysis. The FOS was calculated under different rainfall intensity and durations. The rainfall data will be further used in the slope stability analysis which was carried out in the software SEEP/W and SLOPE/W [29] based on the geology conditions presented in Fig. 7 . A numerical analysis result based on the measured data from the sensing layer is shown in Fig. 9 .
The rainfall infiltration will decrease the stability of the slope. Through IoT and cloud computing, it reveals that the slope stability decreases significantly when there is a heavy rainfall with intensity higher than 0.5mm/h and duration is longer than 100h. Thus, it can be concluded that an earlywarning should be triggered and send to the ender users when there is a heavy rainfall with intensity higher than 0.5mm/h and rainfall duration longer than 100h.
V. CONCLUDING REMARKS
The earthquake and rainfall will result in slope failure or debris flow. It is important to develop an early-warning system based on various sensors, IoT and cloud computing. In this study, various fiber optic sensors were installed in a slope. Through IoT and cloud computing, the health condition of the instrumented slope can be evaluated and the analysis results are sent out through the application layer. The major findings are listed as follows.
1) In the sensing layer, the fiber optic sensor is an ideal sensor for small deformation monitoring. A design of FPS with dual diaphragm type was examined and tested. The results indicate that the measured FBG strain has a linear relationship with the applied pressure and the FPS can reach a sensitivity of 0.124 kPa/µε across the range of 140 kPa. Calibrations results of the FPS with dual diaphragm type indicated that its accuracy can fulfill the requirement of field slope monitoring.
2) The wireless network and optical fibers can be used to connect sensing layer with the data acquisition system. With the IoT, the information of slope deformation will be uploaded to the cloud computing layer. 3) Through IoT and cloud computing, it can be found that the rainfall infiltration strong affect the slope stability, especially on the surface of the slope. The influence decreased dramatically for the depths beyond 5.2m. 4) In the cloud computing layer, a finite element simulation demonstrated that the slope will be collapse when the rainfall higher than 0.5mm/h with rainfall duration larger than 100 h. The analysis results provide a basis for the early-alarm monitoring system.
